soils (strong texture-contrast) and peculiarity of climate (xeric; i.e., strong seasonal wetting and drying cycles).
impact of these physicochemical changes on P concentrations in runoff was not marked. Average profile P concentrations were only slightly areas within the catchment and it has been found that lower in the runoff from the subcatchment following treatment. The an order of magnitude more P and sediment is lost under high subsoil macroporosity of the gypsum-treated subcatchment seepage conditions than under drainage conditions (Zheng caused an increase in the proportion of runoff by interflow. et al., 2004) . Cox et al. (2000) found that PP could move through clay subsoils within macropores. The amount of P mobilized was controlled by the "residence time," T he full impact of diffuse sources of P from fertilthe time taken for water to move through a soil with ized agricultural lands in South Australia, particumacropores. larly the movement of particulate (Ͼ0.45 m) P in overland Kirkby et al. (1997) found that P loss was influenced flow of eroded soil material, is now well understood, by the wetness of the soil. Phosphorus in drainage from and point sources of P to streams have substantially wet soil cores was significantly less than P lost through been reduced as a result of legislation (Davis et al., 1998) . dry soils. However, soils that are saturated for long Management aimed at minimizing erosion and thereby periods of time tend to have more P-loss potential than P loss was introduced (such as no-till cropping; Malinda, well-drained soils (Baxter et al., 2002) , because ferric 1995), and buffer strips (vegetation planted at strategic phosphate minerals can be reduced to ferrous phospoints between where P is applied and a waterway;
phates that are more soluble and susceptible to losses e.g., Daniels and Gilliam, 1996) were installed. In some via overland flow. Australian regions this management was effective in It was thought that to reduce P loss to surface water reducing particulate P in runoff to streams whereas in storages across the agricultural regions of southern Ausothers, stream P levels continued to increase. The reatralia, management must do more than just reduce erosons for this were not initially clear but thought to be sion at the start of the growing season. Management related to the unusual nature of southern Australian must reduce sodicity or at least stabilize sodic soils, keeping them from becoming saturated, and increase the residence time of P, thereby allowing mineral and amendments, such as red mud (a by-product of bauxite Australia based on: (i) a proven history of yield improvement when applied to some soils (e.g., Sumner, mining, e.g., Ho et al., 1989; Vlahos et al., 1989; Kayaalp et al., 1998 ), which Summers et al. (1993 found to retain 1995), (ii) being a good source of Ca because of the relatively high solubility of gypsum (compared with limup to 70% more P than untreated soil (at an application rate of 80 Mg ha
Ϫ1
) in a large scale field trial, and ing agents), and (iii) its ready availability and relative cheapness in South Australia which gives it a potentially polyacrylamides (e.g., Lentz et al., 1998) , which can bind P to soil, have also been tested. Recent work (Churchman, cost-effective advantage. Previous work by Moore and Miller (1994) , Coale et al. (1994 ), and Stout et al. (1998 ) 2002 Kleinig et al., 2003) has shown that clays can be modified using poly-DADMAC (poly-diallyldimethyl amindicated that gypsum may be successful in reducing P solubility (through enhancing Ca-P precipitation). monium chloride), a water-soluble polymer that is used extensively in drinking water treatment, so that the clays
The aims of this research were to determine the pathways that water and P move from grazed agricultural acquire a positive charge and are able to sorb substantial amounts of P from water. Substantial reductions in P subcatchments with texture-contrast soils, to measure the timing, quantity, and forms of the P in the flow loss in overland flow have been recently demonstrated in small-scale field trials where poly-DADMAC was paths, and to determine the effect of a large quantity of surface-applied gypsum on the timing, quantity, forms, applied by spraying. However, the cost of spreading polyacrylamides and poly-DADMAC on a large scale and pathways of flow of P. is currently prohibitive. Similarly, the major drawback of using red mud is the cost in transport, as no local MATERIALS AND METHODS sources are available in South Australia. Also, some of the industrial by-products high in Al and Fe are quite Field Sites efficient in sorbing P but have the disadvantage of conTwo subcatchments were selected in the Adelaide hills taining heavy metals in toxic amounts (McDowell, 2004) .
within the watershed of the Mt. Bold reservoir, a major source Calcium amendments in the form of calcium carbonof the domestic water for the city of Adelaide, South Australia. ate or gypsum have not been extensively studied as soil
The subcatchments were adjacent to one another and hydroamendments to attenuate P loss (e.g., Sova, 1996) . In a logically isolated by a central valley (Fig. 1 ). They were surveyed using a laser theodolite, with a 1-m resolution. The column leaching study, Nelson et al. (1991) holder applied single superphosphate at a rate of approxiGypsum was selected as the preferred amendment to mately 8 kg P ha Ϫ1 yr Ϫ1 from 1991 to 1996. There are no fences separating the two subcatchments so cattle were free to openly reduce P loss from agricultural catchments in South graze both subcatchments all year. The instrumentation and area 1996). Laboratory methods for standard soil chemistry (e.g., pH, electrical conductivity, cation exchange capacity [CEC], within 3 m of the water collection and sampling points were fenced to prevent disturbance. Average long-term annual rainfall exchangeable bases, and exchangeable sodium percentage [ESP] ) are in Rayment and Higginson (1992) . Mineralogy was in the subcatchments was approximately 750 mm per year.
Each site was treated with single superphosphate at a rate studied by X-ray diffraction (XRD) and element abundance by X-ray fluorescence (XRF) spectroscopy. Soil P was exof approximately 15 kg P ha Ϫ1 yr Ϫ1 for the first 3 yr after instrumentation was installed (i.e., 1996-1998) . In early June tracted using a sequential extraction procedure based on the method proposed by Hedley and Stewart (1982) , as described 1998 the G15 subcatchment was treated with approximately 15 Mg ha Ϫ1 of gypsum and G0 was left untreated. Between by Rayment and Higginson (1992) . Only selected soil chemical data are presented in this paper. 1999 and 2000 no P fertilizer was applied, then in 2001 a further 5 kg P ha Ϫ1 was applied to both subcatchments at the start of winter (early June) based on standard farmer practice. Initial Soil Aggregates (1996) available P (bicarbonate-extractable P) was reported by Stevens et al. (1999) as being in the 20 to 40 mg P kg Ϫ1 range Soil aggregates used for stability measurements were samin the A1 horizon and negligible in the lower horizons.
pled at depths of 0 to 10, 20 to 30, and 40 to 50 cm. Initial In 1996, sixteen 15-cm-diameter intact soil cores were resampling was of large, fist-size aggregates. Subsequently these moved from the subcatchments for description, chemical analwere gently broken into smaller aggregates of approximately yses, and soil classification [methods in Kirkby et al. (1997) 1 to 2 cm in diameter. Approximately 25 g of these aggregates and Cox et al. (2000) ]. Soil cores were also collected for specific (7-10 in total) were weighed and placed on a nest of sieves chemical analyses after gypsum application to the G15 site.
in order (top to bottom) of mesh diameters 2 mm, 1 mm, 500 In addition, some of the soils were re-sampled and re-analyzed m, and 250 m. A separate sample of approximately 25 g was weighed and oven-dried at 105ЊC for 24 h to determine 4 yr after gypsum treatment. Lack of large-scale replication of soil samples for some chemical analyses may be an issue due the approximate moisture content of the aggregates used in the stability assessment. The nest of sieves was placed on a to variation in the 0-to 10-cm depth (see Results); however, it is less likely to be a problem below 10 cm. Field sampling mechanical oscillator within a cylinder. Water was added to the cylinder to a level that was seated at the base of the methods used were those of McDonald et al. (1984) and soils were classified using the Australian Soil Classification (Isbell, uppermost sieve containing the aggregates. The mechanical upper slopes.
Following agitation the sieves were allowed to drain for 10
Differences in soil chemistry between the two submin. The material collected in each of the sieves was carefully catchments and changes over time are discussed below.
washed from each sieve into preweighed containers, ovendried at 105ЊC for 3 d, and reweighed.
However, the most striking difference between the soils of G15 and G0, 4 yr after gypsum application on G15, was a clearly darker G15 profile (10YR 3/1-4/1 moist) General Water Sampling Procedure in comparison to the G0 profile (10Y/R 5/3-6/3 moist). Ͻ0.2 m thick. They overlie a slightly acid, well-struc- CEC, and ESP before and following gypsum addition.
in the G15 soils. Variability in concentration notably decreased with depth in both the G15 and G0 soils. The exchangeable cations increased in the soils of both subcatchments to 50 cm due to the addition of increased
The distributions of NaHCO 3 , NaOH, NaOH (sonicated), and HCl-extractable P fractions are shown in amounts of P fertilizer (single superphosphate). Highest ESP was measured below 112 cm in G0. The CEC of Fig. 5 . Figure 6 shows the sum of extractable phosphorus (EP) fractions, total phosphorus (TP), and residual the gypsum-treated soil (G15) had increased substantially and was greater, throughout the profile, than the phosphorus (RP; TP Ϫ EP). With the exception of the upper 5 cm of G0, EP was greater in all horizons of the untreated soil (G0). Exchange of Ca for both Mg and Na led to an increase in the exchangeable Ca to Mg treated soils. All extractable fractions were greater in ratio and a substantial decrease in the ESP in the gypsum-treated soil. It was thought this outcome should have important implications for PP in runoff (discussed below).
The soil digests and XRF analysis showed that in the surface 5 cm both P and S were higher in the G0 than the G15 soils; however, significant variation was observed in both the two upper horizons (to 10 cm) for both elements (Fig. 4) . Below 10 cm, P and S were much higher 
. Distribution of P and S after nitric perchloric acid digestion
and using X-ray fluorescence (XRF) spectroscopy. P (2), sonicated NaOH-extractable P (3), and HCl-extractable P (4).
Runoff Chemical Characteristics before Gypsum Treatment
A summary of the average monthly runoff chemistry (Ͻ0.45 m) (i.e., pH, DP, Ca, Fe, and Al) in the first year, 1996, is presented in Fig. 9 . This provides a comparison between the chemical compositions of subcatchments before gypsum treatment. Runoff compositions for 1997 are not presented but were comparable.
In 1996 the average monthly pH levels of the overland flow and B-C interflow were similar in G15 and G0, ranging between 5.9 and 7. Maximum average monthly DP concentrations were observed in the June overland flow of G15 (approximately 1 mg L Ϫ1 ). Apart from June, when the DP concentrations in the B-C interflow were greater in G0 (approximately 0.7 compared with approximately 0.2 mg L Ϫ1 ), DP volumes in all other flow events were very similar. Calcium concentrations in runoff were also very similar throughout 1996, averaging approximately 10 mg L
Ϫ1
. Concentrations of Al and Fe were significantly higher in B-C interflow from G15 in autumn (April) than in runoff from G0. The most likely source of this would be fluxes of clay minerals (mainly averaged much lower than 5 mg L Ϫ1 , generally Ͻ1.5 mg L Ϫ1 , Al and Fe. the top 5 cm of the G0 soils, with the NaOH-extractable From the water chemistry it was concluded that there P being greater in G0 to a depth of 10 cm. The NaHCO 3 -were negligible differences between G0 and G15 before extractable P was also greater in the G0 profile in the gypsum treatment. From this it was assumed that differupper 5 cm and below 30 cm. The HCl-extractable P ences observed in the water chemistry between G0 and was also marginally greater in the surface of G0, but G15 following gypsum application were a consequence below 10 cm was below detection limits. In the G15 soils of gypsum application, and not a result of inherent difconcentrations fell below detectable levels below 20 cm.
ferences between the subcatchments themselves. At depths greater than 20 cm, EP was greater in the G15 soils. Generally, RP (Fig. 6 ) was greater throughout the
Major Element Concentrations in Runoff
G0 profile.
after Gypsum Treatment
Consistent differences in runoff composition of Fe, Subcatchment Hydrology, 1996-1999 P, Al, Mn, Ca, Mg, Na, S, and K (Ͻ0.45-m fraction) Figure 7 shows the rainfall, overland flow, and A-B were evident between G15 and G0 (data not shown). and B-C interflow for G0 and G15 from 1996 to 1999.
These differences were consistent from the first flow The runoff (and rainfall) data are presented as the daily following gypsum treatment (June 1998). The flows from sum. Runoff in both subcatchments was initially domi-G15 were consistently higher in Ca, S, Mn, Mg, and nated by overland flow, with B-C flow generally exNa, and were lower in Fe, Al, and P with no notable ceeding A-B flow (particularly in G15). Runoff comdifference in K compared to G0. The electrical conducmenced in G0, through all monitored soil horizons. tivity of the G15 samples was also consistently higher These early (generally autumn-early winter) flows were albeit with a slight decrease over time. The pH of the dominated in volume by G0 (i.e., G0 runoff Ͼ G15 G15 runoff was also consistently 0.25 to 1.5 units lower runoff). However, by mid-winter (generally 4-6 wk folthan G0, and over 1998-1999 the average pH was 0.5 lowing initial runoff) G15 volumes exceeded G0 in total units lower in G15. In contrast to this trend, the pH flow, overland flow, and B-C interflow, with G0 A-B of the G15 sample 4 yr after gypsum treatment was interflow generally greater than G15 A-B interflow.
approximately 0.25 pH units higher than that of G0. Figure 8 shows the total flow each year in each flow
This may indicate a degree of natural variation in pH, path; overland flow, A-B interflow, and B-C interflow, and if so indicates the impact of gypsum on runoff pH for both G0 and G15. The only possible treatment effect is not clear. following gypsum application in 1998 was that the flows became more evenly distributed between flow paths in
Phosphorus Concentrations in Runoff
G15; that is, the relative proportion of overland flow after Gypsum Treatment contributing to total runoff was strongly reduced. In
The mean concentrations of P, as TP and MRP during general the amount of interflow particularly along the each storm (flow) event in G15 and G0 from 1998 to B-C boundary was extraordinarily high compared to expectations.
2000, are presented in Table 3 . The average TP and Figure 10 shows the flow-weighted DP and TP con-(0.80 and 0.59, respectively). Additionally the ratio was centrations in overland flow and B-C horizon interflow always lower for both subcatchments in the B-C interflow for the two subcatchments. In overland flow the proporthan the overland flow. Low MRP to TP ratios are tion of DP to TP did not differ between subcatchments indicative of relatively high PP.
over time. Most of the P in runoff was as DP with the Following P fertilizer application in mid-June 1998, exception of 1997 when there was a large increase in P concentrations were initially highest in the G15 runoff the proportion of PP in both subcatchments. in the period immediately following application (25 JuneConcentrations of TP in overland flow from G15 were 8 July). This would appear to be a consequence of hydromuch lower than from G0 in 1998 and 1999. In 1996, logic factors rather than gypsum treatment, as the vol-TP in overland flow from G15 was much higher than umes and flow rates were notably higher, particularly in 1998 and 1999. However, this was also the case in from 25 to 30 June 1998 in G15 B-C interflow. Suc-1997, before the treatment. The affect of the gypsum ceeding these events, most concentrations of both MRP can be seen in the B-C interflow concentrations that and TP were higher in the G0 B-C interflow, and overincreased markedly in 1998 in G15. land flows (mid-July 1998-October 2000). Differences were most evident in the early flow events of 1999 (MayJuly) when P concentrations in G0 were between 5-and DISCUSSION 10-fold higher.
Soil Chemistry
In 2000 only very low concentrations of P were observed in both subcatchments, indicating the pool of The addition of gypsum increased the CEC throughwater-soluble P had been largely depleted in both subout the soil profile. This was achieved through an overall increase in exchangeable Ca, which occurred in excess catchments. Although only trace amounts were detected, ent concentrations of HCl-extractable P in both soils.
Rainfall was 145, 542, 284, and 345 mm for the period of monitoring
The differences between P content of treated and uneach year.
treated soils is characterized by greater NaOH-extractable (or chemisorbed) P in treated soils. This suggests of the simple exchange of Ca for Na, K, and Mg as that the mechanism of P retention would be through confirmed by the results of Ca exchangeable cations. chemisorption of P on Fe and Al either through adsorpThe overall effect of gypsum on cation properties is a tion or surface enhanced heterogeneous precipitation. progressive exchange of cations by Ca, as gypsum was
The increase in exchangeable Al below 10 cm (for examleached down the profile. The Ca in the gypsum disple) is evidence that adsorption may be an important placed Mn, K, Mg, and Al from the upper 5 to 10 cm mechanism by which P is retained and this adsorption to lower in the profile (20 cm for Mn and Al, 30 cm for is promoted by increased surface charge. Additionally K, and 40 cm for Mg). Exchangeable Na was lower the data support the mass exchange of Ca for Fe and and less variable throughout the profile in treated than Al, modeled and described for example by Stout et untreated soils, suggesting that Ca for Na exchange had al. (1998) . taken place to at least 50 cm.
The capacity of the soil to retain P was enhanced by
Runoff Chemistry
the application of gypsum. The distribution of P in the soil profile reflected the distribution of total and exIncreased pH of runoff following gypsum application changeable Ca and Al, with the total and extractable P has been commonly observed (Sumner, 1993) , and was greater in the surface 5 cm of the untreated soils. The explained by the exchange of SO 4 2Ϫ for OH Ϫ (Shainberg lower P content of the upper 5 cm of the treated soil may et al. , 1989) . The lower pH of the runoff from the G15 be explained by a number of factors including enhanced observed in this study indicates that exchange of SO 4 2Ϫ microbial activity; cation leaching in G15; differences for OH Ϫ was exceeded by the exchange of Ca 2ϩ for H ϩ in mineralogy (a much higher coarse sand content in (Shainberg et al., 1989) . the treated soils); exchange of Al 3ϩ by Ca 2ϩ , reducing Increased leaching of Ca and S was observed in G15, net surface charge, or to a lesser extent (because of the as expected, given the dissolution of applied gypsum. pH of these soils) competition between SO 4 2Ϫ and PO 4
3Ϫ
There was a steady decline in concentrations in the (e.g., Barrow et al., 1980) . Below 5 cm, the treated soils This was indicative of a reduced pool of available gypphosphates. This would seem unlikely at the low pH of sum for leaching. The ratio of Ca to S in gypsum by weight is approximately 1.25. The ratios observed in these soils, a prediction confirmed by relatively indiffer- solution were considerably less than this (average 0.9 10 to 20 cm, indicates that the concentration of these constituents in the soil solution at that depth would have for 1998-1999), with the highest Ca to S ratio of 1.1 in overland flow in July and August 1998. The lowest value been higher than that indicated by the concentration in the runoff collected. So it is possible that the precipitaof 0.5 was measured in October 1999 and September 2002. There appears to have been a seasonal effect of tion of Al and Fe hydroxides and oxides (and phosphates; i.e, strengite FePO 4 ·2H 2 O) may have been greater time, as this ratio was observed to decrease over the period of the autumn break to the end of seasonal flow in G15 than in G0. Gypsum appears to have modified the proportion of in both 1998 and 1999.
The high proportional loss of S indicates it was prefer-P in each transport pathway. There does not appear to be an increase in PP as found by Stout et al. (2000) . They entially leached through the profile compared with Ca. This indicates significant adsorption or exchange of Ca, found enhancement by the net increase in CEC of the soil (from increased Ca throughout the profile, and displaced which would account for the increased leaching of Na, Mg, and Mn and would confirm the observed pH decations Al and Mg lower in the profile). This may be facilitated by the direct precipitation of phosphate minercrease. Other studies have reported increased leaching of K (Shainberg et al., 1989; O'Brien and Sumner, 1988;  als, namely Fe phosphates such as strengite and Mn phosphates (e.g., MnHPO 4 ). The precipitation of other min- Pavan et al., 1984) . Increased exchangeable Ca accompanied decreased exchangeable K throughout the proeral phases, most significantly the Al-sulfates, alunite, and basaluminite may provide additional reactive surfaces for file. Additionally in the G15 profile Ca exchangeable (using 0.01 M CaCl 2 ) Fe and Al was decreased in the phosphate adsorption. Aluminum was released into solution following a upper profile compared to G0 (Fe, 0-5 cm and Al, 0-10 cm), with Ca exchangeable Al increasing down mass exchange with Ca in the upper A profile, and accumulated in the B horizon. The accumulation may profile in G15. The decrease in exchangeable Al, Fe, and K accompanied by decreased runoff concentration involve Al-sulfate precipitation, and increases in exchangeable Al suggest that the soluble Al species had of these cations suggested they might be removed in precipitates. O'Brien and Sumner (1988) 
